(Cont'd)
"-- (1) the measurement distance is much less than a free-space wavelength, (2) the Sommerfeld numerical distance is small, or (3) the measurement distance is much greater than an earth-skin depth.
Iii terms of computer time, these new formulas can be evaluated in fractions of a minute comparej with hours for the complete numerical evaluation of the exact Sommerfeld integrals.
These formulas are intended to supplement the author's recently derived subsurface-to-subsurface and air-to-air propagation formulas. .
•.
• (For detail references, see Bannister.l,2) The quasi-static range is defined as that range where the measurement distance is much less than a free-space wavelength.
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* iPhysically, the essence of the quasi-static-range finitely conducting earth-image theory technique is to replace the finitely conducting earth by a perfectly conducting earth located at the (complex) depth d/2, where d = 2/y 1 and y1 = [iwo 0 (aj + iwc 1 )] 1 / 2 is the propagation constant in the earth (see figure 1 for the image-theory geometry).
Analytically, this corresponds to replacing the algebraic "reflection coefficient," (u 1 -X)/(u 1 + A), in the exact integral expressions with exp(-Xd). where X is the variable of integration. 3 For antennas located a* or above the earth's surface, the general image-theory approximation is valid thro,,ghout the quasi-static range. It is the purpose of this report to extend the use of finitely conducting earth-image theory techniques to any range and to present new formulas for the electric and magnetic fields produced by the four elementary dipole antennas for the air-to-air, surface-to-air, air-to-surface, and surface-to-surface propagation cases.
The only restriction on the use of these formulas is that 11 2 > 10, where n = yl/yO, They are valid at any frequency and at any range for the flat-earth case., These formulas reduce to the author's previously derived results when either (1) the Sommerfeld numerical distance is small, 7 , 8 (2) the measurement distance is much less than a free-space wavelength, 1 , 2 or (3) the measurement distance is much greater than an earth-slin depth. In this report, the four elementary dipole antennas [vertical electric dipole (VED), VMD, tIED, and HMD] are situated at height h (h > 0) with respect to a cylindrical coordinate system (p,ý,z) and are assumed to carry a constant current, I.
The axes of the VED and HED (of dipole moment p) are oriented in the z and x directions, respectively, while the axes of the VMD and IND (of dipole moment m) are oriented in the z and y directions, respectively. The earth, which is assumed to be a homogeneous medium with conductivity ao and dielectric constant c1 (= erco), occupies the lower half-space (z < 0) and the air occupies the upper half-space (z ý 0).
The magnetic permeability of the earth is assumed to equal ,,, the permeability of free space, Meter-kilogramsecond (MKS) units are employed and a suppressed time factor of exp(iwt) is assumed.
AIR-TO-AIR PROPAGATION DERIVATION PROCEDURE
As an example of our derivation procedure, consider an HED source. When h and z are >0, the Sommerfeld integral expressions for the HED Hertz vector are1O_12 -ax= L e-+ 2f e +hu jo(k) Xd (1) 
Y 2 = -w2u0•0, and
From equations (1) and (2), utilizing the identity
S-O
we have
• 
U1 + U0
and
where If we use equations (1) and (5) and Sommerfeld's integral,11
where
This equation is valid at any range from the source.
Since 2= 1/n/, equation (3) can be rcwritt= --s TO'~~O Ylrw; n + -pCos le _C'
, V-, "
where V_-u (+h)
then, from equations (7) and (11), where
is the Sommerfeld surface-wave attenuation function, sin = (z + h)/Rl, and -yoR
is the Sommerfeld numerical distance. For small numerical distances F(w) -1, while for large numerical distances and negative arguments, F(w) --1/(2w). (15) can be rewritten as
S 2RI
Therefore, from equations (14) and (20),
(1 1 + r, 1 \ (sin
Thus, from equations (9) and (21),
Another factor that we will encounter in the derivation of the fieldstrength components is the factor B, which is Furthermore, for sin , 1 >> IAI, A I and B -sin *j-When sin *1 is comparable to or less than 6, the horizontal distance p will be much greater than the sum of the transmitting and receiving antenna heights (z + h)-. In the limit as , 1 approaches zero, A -F(w 0 ) and B --AF(w 0 ), where (27) and we can make use of his tabulated results 1 3 of the function F(w 0 ).
Since the factor A (equation (22)) is different from unity only when (1) the angle 'p. is very small and (2) the Sommerfeld attenuation function F(w) is different from un.ty, A is only a farfield surface-wave term. Therefore, we can discard all derivatives of A that are not farfield terms. For example, when In 2 I >> 1 and IA sin *11<< 1, 
If we follow the same procedure as outlined above, we also can obtain suitable expressions for the HMD, VED, and VM4D Hertz vectors.
The resulting HED, HMD, VED, and VMD field-component expressions for the air-to-air propagation case are presented in tables 1 and 2.* They are strictly valid for n1n 2 1 >> 1. However, for most cases, the requirement that In 2 1 > 10 is sufficient., These formulas reduce to the author's previously derived results when either (1) the Sommerfeld numerical distance is small, 7 , 8 (2) the measurement distance is much less than a free-space wavelength, 1 , 2 or (3) the measurement distance is much greater than an earth-skin depth. Image-theory expressions for the subsurface-to-air propagation case can be obtained from the surface-to-air propagation equations (tables 5 and 6) simply by multiplying each expression by exp(yh).
(All VED components must also be multiplied by 1/n 2 to satisfy the boundary cuaditions.)
The resulting formulas will be valid for !n Image-theory expressions for the air-to-subsurface propagation case can be obtained from the sir-to-surface propagation equations (tables 7 and 8) simply by multiplying each expression by exp(ylz).
(All Ez components must also be multiplied by 1/n 2 to satisfy the boundary conditions.) The resulting equations will be valid for In 2 l >> I and D 2 >> z1 2 .
SURFACE-TO-SURFACE PROPAGATION
The (simple form) HED, HMD, VED, and VMD field-component expressions for the surface-to-surface propagation case can be obtained from the air-to-air propagation equations (tables 1 and 2) simply by setting both z and h equal to zero.
The resulting equations are listed in It should be noted that the VMD Hp (and, by reciprocity, the HMD Hz) image-theory expressions for the surface-to-surface propagation case are only valid when p >> 6, where 6 is the earth-skin depth.
When *.his condition is not satisfied, other formulas should be utilized for these Lwo field components (for example, see table 9 of Bannisterl 6 ).
* 10 TR 6885
Image-theory expressions for the subsurface-to-subsurface propagation case can be obtained from the surface-to-surface pytpagation equations ( 
CONCLUSIONS
In this report, we have extended the use of finitely conducting earthimage theory techniques to any range and have derived formulas for the electric and magnetic fields produced b) the four elementary dipole antennas for the air-to-air, surface-to-air, air-to-surface, and surface-to-surface propagation cases.
The only restriction on the use of these formulas is that in 2 1 > 10. They are valid at any frequency and at any range for the flatearth case. These formulas reduce to the author's previously derived results when either (1) the Sommerfeld numerical distance is small, (2) the measurement distance is much less than a free-space wavelength, or (3) the measurement distance is much greater than an earth-skin depth,
The results presented in this report can be extended to a multilayered earth simply by letting d = (2/),,)Q, where 0 is the familiar plane-wave correction factor employed to account fcr the presence of stratification in the * earth. 1 3 For a homogeneous ground, the argument of the numerical distance w is always between 0 and -90, resulting in the transverse magnetic (TM) surface-wave fields varying as 1/p 2 as P --.
For a stratified ground, the argument of w 0 can be positive, resulting in the TM, surface-rave fields varying as l/lT.13
It should be noted that the two m-edia can be inverted and the air replaced by the earth's crust (of conductivity u 2 and dielectric constant c2
The same equations (tables I through 9) can be utilized as long as In l = jy2/y~j > 10 simply by replazing iwc 0 by oa + iwc,, These formulas are intended to supplement the author's recently derived 9 , 1 6 subsurface-to-subsurface and air-to-air propagation formulas. In terms of computer time, the formulas nresented in these three reports can be evaluated in fractions of a minute compared with hours fcr the complete numerical evaluation of the exact Sommerfeld integrals. 
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